MR Tulv 17. 194Q 

/ 

NATIONAL ADVISORy COMMITTEE FOR AERONAUTICS 



WARTIME REPORT 

ORIGINALLY ISSUED 

July 1940 as 
Memorandum Report 

HEAT-TRANSFER TESTS OF A STEEL CYLINDER BARREL WITH 
ALUMINUM FINS WITH IMPROVED BONDING BETWEEN STEEL BARREL 

AND ALUMINUM BASE 
By Herman H, EUerbrock, Jr. 

Aircraft Engine Research Laboratory 
Cleveland, Ohio 



NACA 

WASHINGTON 

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but are now unclassified. Some of these reports were not tech- 
nically edited. All have been reproduced without change in order to expedite general distribution. 



E-196 



MEM.ORA.NDUM EEFOHT 



for the 

Bureau of Aeronautics, Navy Department 
HEAT^TRMSFER TEGTS OF A STEEL CYLIKDER BARREL WITH ALUIIINUM 
FING WITH IMPROraD EOITDIlICr BETWEEN STEEL BPJIREL MD ALWJmJM BASE 
By Herman H. EllorlDrock, Jr, 

IIJIRODUCTIOIT 

The finning of conventional cylinder "barrels cannot he improved 
to any CTert ex'opnt except oy addinj^ fin weight which iBeans, in 
general, fin width (references 1 and 2). By a conventional cylinder 
harrel is meant a steel harrel with steel fins. For in-line engine 
and in some cases radial engine installations the width of the "barrel 
fins is limited and a possible solution of the harrel-cooling prohlem 
is to use preformed aluminum fins on steel barrel. If a reasonably 
satisfactory "bond between the alurainun and steel is obtained, the 
heat transfer of the barrel should be greatly improved. 

At the request of the Bureau of Aeronautics, Navy Department, a 
steel c?^linder barrel with aluminum fins wp- tested by this laboratory 
(reference 3). The preformed fins of that cylinder were imbedded in 
an aluminum base, which in turn v;as bonded to the steel barrel. The 
tests showed that the bond between the fins and the aluminum base was 
very good but that the heat-transfer coefficients based on the steel 
temperatures were about IS percent below the coefficients calculated 
from the aluminum base t em.peratures indicating that the bond between 
the aluT'iinum bas--'^ and the steel was not very good. 

The present report presents the results of tests made on another 
steel cylinder barrel with aluminim fins. The method of attaching 
the fins to the steel for this c linder is similar to that of the 
first cylinder tocted, but the method of attaching the aluminum base 
to the steel barrel was thou^^ht to be an improvement over that used 
for the first cylinder. The object of the tests was to determine the 
heat-transfer coefficients of the cylinder and the excellence of the 
bond b':-itween the aluminum fins and the aluminum base and betv/een the 
aluminum base and the steel. The tests were made at the request of 
the Bur<^au of Aeronautics, Navy Department. 
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APPmTUS 
Test Cylinder 

The test cylinder was a complete "barrel for an engine c:^linder 
and was made of steel with aluminum fins. The space between the fins 
was 0.052 inch, the thickness of the fins 0.025 inch, and the width 
0.375 inch. The bottom and top of the barrel were cut off to leave 
only the finned section for the tost specimen (fig. l) . The 
cylinder was electrically heated with a wire coil wound on a soap- 
stone core, which was inserted in the cylinder. Loss of heat from 
the ends of the cylinder was eliminated by using cylindrical ^ard 
rin^rs made of sheet metal and filled with rock wool. The method of 
heat insulab-'on is fully illustrated in reference 3. 

Surface temperatures and base temperatures were obtained at 29 
points on the cylinder by means of iron-constantan thermocouples made 
from No. kO ^a^e wire. The locations for the thermocouples were the 
same as for the cylinder re-norted in reference 3. The thermocouple 
wires were shellacked to the fins and brought out through a tube to 
a cold Junction board, as shown in fi^ie 1. The method of attaching 
the junctions of the thermocouples to the steel base of the first ^ 
cylinder tested (rpf'^^rence 3) ^^es to scrape away some of the aluminum 
base and insert the thermocouples in the space provided (fig, 2(a)). 
In the present tests two methods were used. In the first mpthod a 
hole was drilled in the aluminum base of the cylinder dov/n to the 
steel (fig. 2(b)). A plug of duraluminum with a hole in it, through 
which the wires of a thermocouple were inserted, was placed in the 
hole. The wires were soldered together before the plug was placed in 
the hole and solder was placed in the bottom of the hole. The 
cylinder was heated on the inside, thp solder melted, and the plug was 
pushed down in the hole. The h^at was removed and the lolug pepned 
around the edge A, figure 2(b), to hold it in place. The top of the 
plug was then covered with bakelite varnish to m.alce a seal and a 
smooth surface. The second method used in the present tests was 
similar to the first with the exception that two plugs were used side 
by side with one wire of a thermocouple in each plug (fig. 2(c)). ^0 
solder ^-as used in the second method, the plug being pushed down and 
held in place by peening the edge A. This second method of attaching 
the th-rmocouT3le wires w^s used to insure insulation of one wire of 
a thermocouple from the other wire. The wires of the thermocouples 
in the first method were shellacked. The second method was used as a 
check on the first method. 
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An ammeter and voltmeter were used to measure the electrical 
in-out to the cylinder and a potentiometer measured the cylinder 
temperatures. 

Jacket 

The c^'-linder was enclosed in a vvood jacket and air drawn over 
the setup with a blower as illustrated in reference 3. The jacket 
shape and apparatus used for such a test are fully described in 
references h and 5. The jacket fitted tig^ht against the fin tips 
and guard rings. The w^jight of air passing through the jacket was 
measured with thin-plate orifices placed in the ends of a large tankt 
Temperatures of the air at the orifices and of the cold junction were 
obtained with alcohol thermometers. 

MTKCDS 
Tests 

The weight velocity of the cooling air over the fins was varied 
from approxim.ately 'd to I3 pounds per square foot of free area between 
tiie fins by varying the speed of the blower. All t^sts were conducted 
with an approximately constant heat input to the c:^^linder of 77 Stu 
per SQuare inch of wall area per hour. The recorded data were the 
electrical Toov/er input to the test cr/^linder, the temperature of the 
air entering the orifice tank, the pressure drop across the orifice 
tank, the cold junction temperature, and the temperatures at the 
various points on the cylinder. 

Computations 

The weight velocity of the cooling air Vp^g over the fins was 

calculated by dividing the weight of the air passing through the 
jacket b:^'- the free-flow a,rea bet^v-een the fins. 

The method of calculating^: the weight of air passing through the 
jacket is given in reference 6. 

The experimental average over-all heat-transfer coefficient U 
was obtained by dividing the heat in"out per hour by the product of 
the area of the wall sur.-^ace of the cylinder and the difference be- 
tween the average temperature of the wall surface the entering-air 
temperature. 



Calculated average over-all heat-transfer coefficient U was 
cbtained from the equation 

U = 9 i -?-/' 1+ —y — tanh aw' + s I 

s + t j_ a\ 2St y J 

as derived in reference 7» where 



q surface heat-transfer coefficient, Btu per square inch per per 
hour . 

B average space "between fins, inches 
t average fin thickness, inches 
W fin width, inches 

w' w + '^/2, effective fin width, inches 

H-b radius from center of cylinder to fin root, inches 

km thermal conductivity of metal o Btu per square inch per through 
1 inch per hour (2.1? for steel; 3.3?. for pure aluminum) 

This equation has heen experimentally verified for fins of steel, 
copper, and aluminum alloy. {Sf^e references 1, 2, 7» and 8.) 

ESSULTS AND DISCUSSION 

Heat-<Transfer Tests 

The surface heat-transfer coefficients q of finned cylinders 
have "been correlated for an air-flow arran^iement as used in the present 
tests (reference g) . Thus it has heen fo^and for cylinders enclosed in 
a jacket and cooled hy a "blower. 



ill f (^...l^.ml.^ 

k^ \12UD 0.25/ 



(2) 
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where 

thermal conductivity of the cooling air 
IjL absolute viscosity of the cooling air 
D diameter of cylinder at fin root (2E-b) 

Fi^re 9(d) '^f ref'^rence 8' shows a curve, estahlished from tests 
on a large numher of cylinders with an air-flow arrane:ement as in the 
present tests, plotted in terms of functions of the foregoing equation. 
Surface heat-transfer coefficients for a cylinder with fin and cylinder 
dimensions the sane as for the test cylinder were calculated from this 
curve for several weight velocities tetwepn the fins. Prom these 
calculated surface hest-trar^sf er coefficients, over-all heat-^transf er 
coefficients were calculated according to equation (l) for a steel 
cylinder with steel fins and for an arominum cylinder with aluminum 
fins cast integrally- I'he dimensions of the fins in these calculations 
were the same as for the test cylinder, and the aluminujn fins were 
assumed to have a conductivity of 9.92 Btu per square inch per cF per 
hour through 1 inr.h. The results ere plotted in figure 3- The 
exTDerimental coefficients are also plotted on fiOTre 3 based on hoth 
the temperature difference between the aluminum base and the cooling 
air and the temperature difference between the steel base and the 
cooling air for methods B and C of attaching the thermocouple.-. 

The experimental coefficients calculated on the two temperature 
bases for both methods B and C of attf-ching the thermocouples fall 
aro^and the same curve in figure 3- -^is curve is about 12 percent 
higher than the calculated curve for aluminum fins cast integrally. 
The difference nay be due to the conductivity of the aluminum in the 
test cylinder b'=^lng different from that assumed in the calculations 
(9.^2 Btu per sauare inch per per hour through 1 in.) or to the 
fact that the calculations made using the correlation curve cannot 
be exTDected to check any one c^dinder test with a closer accuracy. 
Test points around the correlation curve of reference 8 are as much 
as l^%ercent from the curve. The comparison of the ex-oerimental 
coefficients based on the difference between the temperatures of the 
aluminum base and the cooling air and the calculated coefficients 
for the aluminum fins cast integrally indicates that the bond be- 
tween the fins and the aluminum base is very good. The comparison 
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of the exporimental coefficients ^ased on thf^ temperature of the 
stp.el and the experimental coefficients based on the temperatures 
of the aluminum hase for method C of attaching the thermocouples 
shows that the "bond l^etween the steel and aluminum hases is good. 
In general, for method 0, the experimental coefficients hased on 
the aluminum temperatures was a little greater, about h percent a^ 
the most, than che coefficients based on the steel temperatures- 
This difference, however, is within the experimental error of the 
tests, and it can be concluded again that the bond between the 
aluminum base and the steel is good. 

Comparison of the px^erimental coefficients for the test 
cylinder with the calculated coefficients for the steel cylinder 
with steel fins in figure 3 shows an improvement in heat transfer 
of approximately 20 percent by using aluminum fins. Comparison of 
the calculated coefficients for steel and aluminum fins in figure 3, 
shows that by using alumin-um instead of steel the heat transfer can 
be improved approximately 17 percent. Reference 2 shows further 
that for fins 3/S inch wide, the width of those on the test cylinder, 
the maximum heat transfer is obtained with a fin space of 0.09 inch 
with a pressure difference across the cylinder of k inches of water, 
which is generally the pressure difference available in conventional 
r»ir-nlrn«=^s. Figure k shows calculated coefficients for two cylinders 
with aluminum fins cast integrally for various pressure differences 
across the cylinders. One cylinder has fins of the same dimensions 
as the test cylinder and the other c:^dinder has the same fin width 
and thickness as the test cylinder but the fin space is 0.09 inch. 
At a -oressure difference of k inches of water the heat transfer is 
increased 18 "oprcent by using a fin sT^ace of 0.09 inch instead of 
0,052 inch. It should thus be possible to make a cylinder similar 
to the one tested with fins of 6.09 inch sT)ace and increase the heat 
transfer of a cylinder with steel fins about 35 "oercent. As the 
r)ressure difference available for cooling increases, the difference 
in heat transfer between the two fin d-^signs decreases, figure ^, 
until a ^oint is reached where the closer fin spacing gives the 
highest heat transfer. 

Physical Tpsts 

The cylindor was cut in half and one half wrs cut in Quarters in 
order to determine how good the bonds between the steel and the alumi- 
num base and between the fins ajid the aluminum base were mechanically. 
One edge of one of the quarters was Dolished and etched, and the 
result shown in figure 5(b). The edge of the first cylinder m.onu^ 
factured by this method and tested, reference 3, is shown in figure 
5(a). The outline of the fins in the aluminum base is much fainter 
in figure 5(b) than in figure 5(a) a] though the time of ecohing in 
5(b) was much longer. The mechanical bond between the fin and alumi- 
num base should, therefore, be m.uch better for the second cylinder 
tested than for the first. 
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The hplf of the test cylinder was heatpd ten times to k^Qo F 
and quenched in water at room temperat-ure aft^-'r each heatin,:^. No 
change in the mechanical bond c^uld he noted visually. The steel 
was then pried loose from the aluminum and much less force wa?^ re- 
quired than was necessary in a similar test of the first cvlinder 
tested (rr-ference 3) • "^^-^ test is considered rather sevpre, how- 
ever, and the bond "between the steel and aluminiLm will probably be 
satisfactory mechanically. 

CCITCLUSIONS 

1. Keat- 1 ransf er tests indicate that the thermal bond between 
these aluminiim Tins and the aluminum basp is very good and that the 
bond between the aDuminun base and the steel barrel is satisfactory. 
The thermal bond between the aluminum base and the steel cylinder is 
considerably better than that of the first cvlinder tested. The 
etching tpsts indicate that the mechanical bond between the aluminum 
fins and the aluminum base is bettor than in the previous tests but 
this im.provement is not important because the thermal bond was con- 
sidered satisfactory on the previous cylindrr. It is very encouraging, 
however, that all-aroun.d improvements have been made. 

2. The heat transfer of the test cylinder with aluminum fine 
was ap-oroximately 20 percent greater than the calculated values for 
a steel cylinder with steel fins of the same dimensions. 

3. Calculations showed that increasing the fin spacin^?: of the 
test cylinder from O.O52 to O.O9 inch will give an additional IS per- 
cent increase in heat rejection for the same barrel temperature at 

a Toressure difference ecross the cylinder of k inches of water. 
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